Abstract Baseline predictors of response to treatment of patients with coronary heart disease (CHD) with respect to vascular inflammation and atherosclerotic plaque burden are poorly understood. From post hoc analysis of the dal-PLAQUE study (NCT00655473), 18F-fluorodeoxyglucosepositron emission tomography (18-FDG-PET) imaging and carotid black blood magnetic resonance imaging (MRI) were used to track changes in these vascular parameters. Baseline demographics, imaging, and biomarkers were collected/measured in 130 patients with CHD or CHD riskequivalents, and imaging follow-up at 6 months (PET) and 24 months (MRI) was performed. Using stepwise linear regression, predictors of change in carotid plaque inflammation by PET [target-to-background ratio (TBR), n = 92] and plaque burden by MRI [wall area (WA) and total vessel area (TVA), n = 89] were determined. Variables with p \ 0.05 in multivariable models were considered independently significant. Interleukin-6, systolic blood pressure and standard deviation of wall thickness (WT) at baseline were independently positively associated with 18-FDG uptake (mean of maximum [MeanMax] TBR change over 6 months). Mean of mean TBR, phospholipase A 2 , apolipoprotein A-I, and high-sensitivity C-reactive protein at baseline were independently negatively associated with MeanMax TBR change over 6 months. Mean WT and plasminogen activator inhibitor-1 (PAI-1) activity at baseline, and age, were independently associated with change in WA over 24 months. For TVA changes; mean WA and PAI-1 activity at baseline, age, and female gender were independent predictors. These findings may help determine patients most suitable for clinical trials employing plaque inflammation or burden changes as endpoints.
Introduction
Even with advances in modern medicine, atherosclerosis and its inherent consequent metabolic and pathophysiological impact continue to remain among the leading causes of morbidity and mortality in the world [1, 2] . As a result, the identification of both asymptomatic and previously symptomatic individuals who are at risk for future atherothrombotic events is an active area of research in cardiovascular medicine [3] .
The development of new drugs that can be used to modulate and treat the atherosclerotic process remains an urgent unmet need [4] . The drug approval process, however, requires the performance of long-term multicenter, randomized, placebo-controlled trials with hard cardiovascular endpoints for evaluation of drug efficacy and safety [5] . Moreover, any new drug has to be evaluated as a possible adjunct to standard of care, which typically involves the use of statins, thus the sample size requirements for such trials can be very large. Prior to embarking on such long-term trials, it could prove valuable to evaluate the efficacy and safety of newly developed compounds in smaller Phase 2 studies based on surrogate markers for cardiovascular disease/events [6] .
Recently, imaging modalities such as 18-fluorodeooxyglucose positron emission tomography (18-FDG-PET) [7] [8] [9] [10] [11] and magnetic resonance imaging (MRI) [12, 13] have gained prominence as methodologies suitable for the in vivo measurement of plaque inflammation and burden of atherosclerotic disease. Notably, these techniques were used to evaluate the effect of therapeutic intervention on plaque burden in several recent clinical studies [14, 15] . While the short term reproducibility (typically over 1-2 weeks) of these imaging modalities is well established [16, 17] , natural changes in these parameters over the long term are poorly understood. Plaque inflammation, for example, is considered to be a transient phenomenon, whereas indices of plaque burden are generally considered to increase with time in cases where no intervention is provided. Importantly, the risk factors that influence changes in these imaging parameters over time are also not well characterized.
The dal-PLAQUE study-a multicenter, placebo-controlled trial of the cholesteryl ester transfer protein (CETP) modulator dalcetrapib-assessed structural and inflammatory indices of atherosclerosis as primary endpoints [6, 14] . Patients included in this study had previously received statins and had low low-density lipoprotein cholesterol (LDL-C) and high sensitivity C-reactive protein (hs-CRP) levels. Although dal-PLAQUE showed no adverse effect of highdensity lipoprotein (HDL)-raising on vascular function in these patients, failure of the dal-OUTCOMES trial (among others) to show clinical benefit from HDL-raising [18] [19] [20] , and a poor understanding of natural changes in imaging modalities, led us to consider that potential clinical benefit might be precluded by specific metabolic characteristics.
As such, the dal-PLAQUE study presented us with an ideal opportunity to examine the role of baseline characteristics of the patients on changes in plaque inflammatory status and plaque burden over a relatively long period of time: 6 months for PET-derived plaque inflammation and 24 months for MRI-derived plaque burden. 18F-fluorodeoxyglucose-positron emission tomography (18-FDG-PET) imaging and carotid black blood magnetic resonance imaging (MRI) can be used to evaluate and monitor serial changes in vascular inflammation and atherosclerotic plaque burden, respectively, but the role of baseline variables in predicting changes in these imaging metrics in patients with coronary heart disease is poorly understood. In this study, we try to elucidate the role of baseline variables including patient demographics, biomarkers and imaging markers on the changes in plaque inflammation and burden over the long term.
Methods
The design and primary findings of the dal-PLAQUE study (ClinicalTrials.gov identifier: NCT00655473) have been published previously [6, 14] . In brief, 130 patients with coronary heart disease (CHD) or CHD risk equivalents from 11 centers in the United States and Canada were randomized to receive 24 months' double-blind treatment with dalcetrapib 600 mg/day (n = 64) or placebo (n = 66), on a background of standard care (Fig. 1) . Subjects with an average baseline mean maximal arterial wall target-to-background ratio (TBR) C1.6 were eligible for randomization. Non-invasive PET and highresolution black-blood MRI techniques were used to evaluate inflammatory status and vessel wall structure, respectively.
PET/CT imaging
The PET acquisition and analysis methodology has been previously published [6, 14] . Patients were imaged after an overnight fast on a PET/computed tomography (CT) scanner 90 min after injection of 10 mCi of 18-FDG. A low-dose CT scan (140 kV, 80 mA, and 4.25-mm slice thickness) was used to correct for attenuation and for anatomical co-registration purposes. Images from one bed position in 3D mode, using a 128 9 128 pixel matrix for 10 min, were acquired for carotid evaluation, and two bed positions in 2D mode for 10 min each were acquired for aortic evaluation.
Arterial FDG uptake was quantified by manually delineating a region of interest (ROI) on co-registered transaxial PET/CT images. A circular ROI was drawn to encompass the vessel wall on each contiguous axial segment. Next, the maximum arterial standardized uptake value (SUV) was determined; SUV being defined as the decay-corrected tissue concentration of FDG in kBq/mL, adjusted for the injected FDG dose and the body weight of the patient. Various PET indices are then derived from the ROIs placed on the vessel. Each axial segment provides two measures: a mean and a maximum value for FDG uptake within that segment. Venous uptake was used for background correction, with the ratio of segment to the background yielding the target to background ratio (TBR). The mean of mean (MeanMean) TBR was the average of mean TBR values from each artery while the mean of maximum (MeanMax) TBR was the average of maximal TBR values from each artery. All analyses described relate to MeanMax TBR values at baseline and change in this parameter over 6 months and, accordingly indeed, the vessel with the highest MeanMax TBR at baseline was assigned as the index vessel. The most disease segment (MDS) was a further PET index derived by averaging the three highest contiguous segments centered at the segment with the highest maximum TBR.
All PET images were first subjectively evaluated for image quality by an expert using a three-point scale.
(1, poor-rejected; 2, adequate-accepted; and 3, goodaccepted). Only images of acceptable or higher quality were used in the analysis. Examples of typical images are provided in Supplementary materials.
MRI
The imaging acquisition methodologies used in this study have been previously described [6, 14] . Briefly, carotid arteries and abdominal aorta were imaged with patients in a head-first supine position at baseline and 24 months followup during the treatment period. After obtaining scout images, 2D multi-contrast (proton density-weighted, T1-weighted and T2-weighted) dark-blood turbo spin echo images were acquired to quantify vessel wall metrics for both the descending abdominal aorta and the common carotid arteries [21] . Carotid bifurcations were further localized using phase contrast images, and a time-of-flight acquisition was acquired as an aid towards identifying lumen contours.
All MRI images were evaluated as described above for PET images but using a five-point scale (1-poor, 5-best) based upon four metrics (overall image quality, vessel wall delineation, flow suppression efficiency, and presence of artefacts). Only images with quality C3 for all four metrics were used in the analysis.
MRI analysis has also been described previously [6, 14] . Vessel wall boundaries and outer and inner walls of the carotid arteries and abdominal aorta were manually traced to derive MRI metrics of plaque burden; including lumen area, vessel wall area (WA), total vessel area (TVA), wall thickness, standard deviation (SD) of wall thickness, and a normalized wall index (WA/TVA ratio) [17, 22] .
Statistical analysis

Linear regression
All patients from the dal-PLAQUE study with MeanMax TBR data at baseline and 6 months were included in the analysis of PET/CT images, and those with WA and TVA data at baseline and 24 months were included for MRI. Data from 5 subjects from 110 (\5 %) were excluded from the analysis due to poor image quality. PET/CT: A stepwise multiple linear regression analysis was used to determine predictors of absolute change from baseline in MeanMax TBR over 6 months using all available data and all baseline variables as candidates for the model. This analysis was not performed for MDS TBR, as absolute change in MeanMax TBR was the a priori determined primary endpoint in the dal-PLAQUE study. According to the largest improvement, variables with p \ 0.15 were entered to the model. Only those variables with p \ 0.1 were retained. Due to missing values in some covariates, only patients with data on all covariates were used for the selected variables. Therefore the finally selected model was refitted again using the selected variables only. Final results were obtained from this model by again eliminating variables until p \ 0.05 was attained for all variables. The final model included 92 patients who had data for all remaining variables.
MRI: All patients from dal-PLAQUE with 24-month MRI follow-up data were included in the analysis. To assess the major determinants of change in atherosclerotic plaque burden, a procedure similar to that described above for the PET analysis was employed. Separate analyses were performed for absolute change from baseline for TVA as well as WA. Thus, in the current analysis, TVA and WA were each used separately as dependent variables in the regression analysis, with input baseline demographics, biomarkers and imaging parameters from the dal-PLAQUE study used as independent variables. The final model comprised 89 patients who had data for all remaining variables.
In the dal-PLAQUE study, MRI-derived change in TVA was significantly reduced after 24 months in patients who received dalcetrapib, compared with placebo. This was accompanied by a non-significant reduction in WA. To account for any drug-related effects, randomized treatment was forced into the model for both the PET/CT and MRI regression analysis.
All statistical analyses were performed using PROC GLMSELECT and PROC MIXED in SAS (Version 9.2, SAS Institute Inc., Cary, NC, USA).
Results
Baseline measures for demographic, biomarker and imaging variables from the dal-PLAQUE study and used in the PET/CT and MRI regression analyses are presented in Table 1 . Eighty-seven percent of patients had previously used a statin, mean LDL-C level was 74.5 mg/dL, and median hsCRP was 1.4 mg/L.
18-FDG-PET/CT-derived inflammation
The SD of wall thickness, interleukin (IL)-6, and systolic blood pressure at baseline were independently positively associated with increased 18-FDG-PET/CT uptake defined as MeanMax TBR change over 6 months (Table 2 ; Fig. 2 ). Based on all available data, dalcetrapib treatment was not associated with MeanMax TBR change over 6 months (p = 0.9872). MeanMean TBR, phospholipase A 2 (PLA 2 ), apolipoprotein (Apo) A-I, and hsCRP at baseline were independently negatively associated with MeanMax TBR change over 6 months ( Table 2 ; Fig. 2 ). No significant treatment interaction was evident for any of the above variables.
MRI-derived plaque burden
Mean wall thickness and plasminogen activator inhibitor-1 (PAI-1) activity at baseline, as well as age, were independently associated (negative, positive, positive, respectively) with change in WA over 24 months (Table 3 ; Fig. 3 ). In regard to TVA, mean WA and PAI-1 activity at baseline, as well as age and female gender, were significant independent predictors of changes in TVA. Although, relative to placebo, treatment with dalcetrapib 600 mg for 24 months was associated with a significant decrease in TVA (Table 3 ; Fig. 3 ) and a trend for decreased WA, as above, there was no significant treatment interaction.
Discussion
In this post hoc analysis of dal-PLAQUE data, we attempted to look at baseline biomarkers and imaging markers of cardiovascular risk that were associated with progression of atherosclerotic plaque inflammation as defined by 18-FDG-PET, and atherosclerotic plaque burden as measured by dark-blood MRI-derived metrics. To our knowledge, this is among only a few studies that look at predictors of change in plaque inflammation and burden rather than just associations with these metrics. The findings from this study could provide additional insight towards the design of future clinical trials that employ imaging endpoints in identifying variables that could potentially confound the natural course of imaging markers of plaque inflammation and burden.
Markers of plaque inflammation progression
Previous studies, albeit in single centers, have shown several factors to be associated with increased plaque inflammation. In a study in 82 patients with coronary artery disease, Bucerius et al. [23] showed smoking and hypertension to be associated with increased TBR values. In this study, and in agreement with previous reported findings, we have shown higher systolic blood pressure to be associated with increased progression of 18-FDG-PET-defined inflammation. An association with smoking status was not observed in the current study possibly due to differences in our study population compared with that of Bucerius et al. [23] . For example, in the current study, 26 % of subjects (12 % control group; 14 % dalcetrapib group) were current smokers, whereas Bucerius et al. reported 46 % of the subjects as prior or current smokers. Moreover, these authors also reported that body mass index (BMI) was significantly associated with PET-based inflammation. However, this relationship was not observed in our dal-PLAQUE post hoc analysis, despite the mean BMI being higher in the dal-PLAQUE cohort (29.7 vs. 27.8 kg/m 2 ). The observed discrepancy might be due in part to the larger sample size used in our study, perhaps representing a relatively robust dataset, or that Bucerius et al. sub-divided BMI into three groups used as categorical variables, whereas we input BMI into the regression model as a continuous variable; this is particularly significant as continuous variable analyses reported in previous studies, similarly, did not show significant associations between BMI and PET-based inflammation. Furthermore, this dal-PLAQUE post hoc analysis evaluated changes in plaque inflammation over a 6-month period rather than an association with plaque inflammation at the time of data acquisition per se.
The SD of wall thickness on MRI, a measure of plaque eccentricity at baseline, was found to be independently associated with increases in MeanMax TBR over 6 months; findings consistent with previous studies where SD of wall thickness has been shown to be associated with prior cardiovascular events [22] . Increased IL-6 at baseline was associated with increased progression of inflammation. This is not unexpected, given previous reports that IL-6 can be proatherogenic through the up-regulation of macrophage scavenger receptors [24] . 
Based on mean values
ApoA-I apolipoprotein A-I, CI confidence interval, hsCRP high sensitivity C-reactive protein, IL interleukin, MeanMax mean of maximum, PLA 2 phospholipase A 2 , SBP systolic blood pressure, SD standard deviation, TBR target to background ratio a Adjusted for all other variables
Association of MeanMean TBR and hsCRP at baseline and with progression of inflammation
In this study we have shown also that a higher baseline MeanMean TBR was associated with a lower increase (decrease) of plaque inflammation as defined by FDG-PET uptake. While this could indicate a ''regression to the mean effect'', it could also indicate that the study participants were already at a high-inflammatory status at baseline i.e., a MeanMax TBR [ 1.6 was a pre-requisite for enrolment, thus, any further increase in vessel wall inflammatory status over the course of the study was not possible or apparent. It is also possible that hsCRP measures may be more indicative of global inflammation within an individual and not truly reflective of plaque or local vascular inflammation as measured by 18-FDG-PET. Collectively, these caveats may help explain why the observed increase in hsCRP was inversely associated with progression of plaque inflammation, i.e., an unexpected finding in this study.
Association between ApoA-I, PLA 2 
and plaque inflammation
The atheroprotective effects of ApoA-I are well established [25] [26] [27] , and the finding in our study that increased ApoA-I at baseline was inversely associated with increases in plaque inflammation was consistent with this central tenet. However, plasma PLA 2 level was observed to be inversely associated with plaque inflammatory changes, i.e., contrary to expectations given that previously reported studies examining PLA 2 -mediated increases in plaque inflammation showed that PLA 2 inhibition can reduce inflammation [28, 29] .
Markers of progression of plaque burden
Mean wall thickness and PAI-1 activity at baseline, as well as age, were found to be independently associated with change in WA over 24 months while, for changes in TVA, mean WA and PAI-1 activity at baseline, and age and gender, were significant independent predictors. Several studies have established age as the strongest risk factor for atherosclerosis progression and this association was evident from our analysis, with increased age being one of the strongest independent predictors of progression of plaque burden, measured both as change in WA and TVA.
There is a strong body of published evidence to support high levels of PAI-1 as being associated with cardiovascular risk factors in both at risk and healthy individuals [30, 31] . This would indicate that PAI-1 activity increases should be associated with decreases in cardiovascular risk, and the data in our study show this effect; with increases in PAI-1 activity being associated with reduced plaque progression as defined by TVA and WA changes on MRI over 2 years.
Increased plaque burden at baseline; wall thickness (for changes in WA) and WA (for changes in TVA) were associated with less progression over 2 years. As alluded to earlier in regard to baseline inflammatory status, such an inverse relationship might simply mirror an already significantly advanced plaque burden at baseline that did not shown any notable further increase over the 2-year follow-up period. Notably, both female gender and dalcetrapib treatment were significantly and negatively associated with plaque progression indicating that potentially cardioprotective effects might be conferred by gender and by dalcetrapib.
Relevance of current results
Our findings indicate that knowledge of the baseline characteristics of patients can be utilized to pre-select a suitable study population for drug trials intended to employ imaging as an endpoint. This means that data will show only minimal confounding by patient history and, thus, be subjected to minimal bias only. For example, in avoiding enrolment of individuals at extreme ranges for baseline plaque eccentricity, IL-6, systolic blood pressure, PLA 2 level and inflammatory status (hsCRP), investigators involved in future clinical trials will have greater confidence that any observed effect on plaque inflammation is due to the novel study treatment under examination rather than variances in baseline characteristics of the study cohort. Moreover, such an approach may aid reduction in sample size requirements for future studies. Similarly, when using plaque burden measures by MRI as an endpoint, it may be possible to establish a relatively restricted range for PAI-1 activity at baseline/randomization while ensuring enrolment eligibility criteria are maintained.
Limitations
A key limitation of this study was small sample size, particularly in relation to the number of variables considered as potential predictors. However, only a few studies have been performed to identify such potential predictors of treatment efficacy, particularly using combined complementary methodologies, hence we judge our results add importantly to the evidence base for the innovative technologies used. Future meta-analyses will be required to confirm our findings. Another potential limitation is that the data for this post hoc analysis were obtained from a trial of a drug developed to modulate CETP activity and thus raise plasma levels of HDL cholesterol, an approach that could potentially and significantly skew the findings. To help control for this, dalcetrapib treatment was forced into the regression model at all stages. The alternative to using this approach was to only analyze the control group, but this would have approximately halved the sample size, not only reducing power but also rendering modeling increasingly subject to effects from extreme values. As this was a multicenter study, with data obtained from several different scanners from multiple vendors, the variability of imaging markers could have been increased compared to a single-center study, further reducing power. However, SDs of the data for the imaging markers used in this study were comparable to those from several previous single center studies [32, 33] . Although not perhaps a limitation, focus here was placed on absolute change in TBR i.e., the dal-PLAQUE trial primary endpoint, not percent change and significant differences in findings were not anticipated regardless of either metric used.
While there could be an effect on the findings from quantification of the imaging metrics per se, the results obtained are considered valid as only images of adequate quality were used for the analysis described earlier (Methods, examples are provided in Supplementary materials).
Conclusions
In this post hoc analysis of dal-PLAQUE data, using linear regression analysis, we have identified several baseline variables (demographics, biomarkers, and imaging metrics) that are associated with change in atherosclerotic inflammation as measured by 18-FDG-PET, and plaque burden as measured by MRI.
Standard deviation of wall thickness, IL-6, and systolic blood pressure were positively associated with MeanMax TBR changes over 6 months, whereas MeanMean TBR, PLA 2 , ApoA-I and inflammatory status (hsCRP) at baseline were negatively associated with MeanMax TBR changes over 6 months. Age and PAI-1 activity were independently associated with changes in both wall and TVA over 24 months.
The identification of predictive markers may assist selection of patients most suitable for clinical trials evaluating plaque inflammatory status on 18-FDG-PET-CT or plaque burden changes on MRI, as an endpoint. This should increase trial efficiency, enabling enrichment of samples and possible reduction in the sample size required for adequate power.
